Extraction of squalene, a potent natural antioxidant, from puffed A. hypochondriacus seeds was performed by supercritical fluid extraction (SCFE); besides, to have a blank for comparison, extraction was performed also by Soxhlet method using organic solvents (hexane). Chemical proximal composition and seed morphology were determined in raw, puffed, and SCFE-extracted seeds. Extracts were obtained with a 500 mL capacity commercial supercritical extractor and performed between 10 and 30 MPa at 313, 323, and 333 K under constant CO 2 flow of 0.18 kg CO 2 /h during 8 h. The squalene content was determined and the fatty acids present in the extracts were identified by GC-MS. The extract obtained by SCFE from puffed amaranth seeds reached 460 ± 28.1 g/kg squalene in oily extract at 313 K/20 MPa.
Introduction
Amaranth is an ancient crop widely harvested in the Americas, which is appreciated by its nutritional benefits and its religious ancient significance [1] . Amaranthus hypochondriacus is one of most important amaranth species and it is harvested in Mexico since pre-Columbian times to current days [2] . One common way to commercialize amaranth seeds is through swelling them by a puffing process [3] . Puffed amaranth seeds are obtained by heat that produces water vaporization and steam accumulation, which increases pressure until the coat breaks and separates from the rest of the seed [4] ; thus, starch granules are forced to expand and to convert into a foam matrix [5] .
Consumption of amaranth seeds has increased the interest of many researchers in this crop [6] . Amaranth oily extract is constituted mainly by fatty acids and, in minor concentrations, unsaponifiable matter such as squalene [1] .
Squalene is a triterpene (C 30 H 50 ) commonly found in plants and animal tissues also, with a role as intermediate in phytosterols and cholesterol biochemical pathways [7] . Several research works have reported its biochemical importance as antioxidant [8] [9] [10] and chemopreventive agent [11] . During the last century, shark liver oil was the largest source of squalene extraction [12] ; however, nowadays vegetable sources are mostly exploited such as olive oil [13, 14] and oily seeds [12, 15] . Selective extraction from plants to obtain bioactive substances is achieved with appropriate solvents and methods [16] . Squalene is of high commercial importance; for example, 2500 tons with a commercial value of 93 million dollars were produced in 2013 [17] and highly demanded by the cosmetics, food, and pharmaceutical industries [7, 17] .
Journal of Food Quality
Different techniques are used to obtain the oily fraction from amaranth seeds. The literature has compared three techniques, expeller pressing, organic solvent extraction, and supercritical fluid extraction (SCFE) showing that the best yield is achieved 69.5 g/kg by SCFE [18] . Other methods had been proved by Krulj et al. [19] who extracted amaranth oil from raw seeds using accelerated solvent extraction and achieved higher yield than supercritical fluid extraction 78.1 and 61.1 g/kg, respectively. Relatively low temperature extraction results in almost no-thermal degradation of labile compounds. One advantage about SCFE is that the extracts and matrices are solvent-free; vegetables matrices after extraction can be exploited for foodstuff purposes [20] . Among substances used as solvents in SCFE, carbon dioxide (CO 2 ) is commonly used by its known characteristics as an ecofriendly, inert, economic, selective, and nontoxic compound [21, 22] . SCFE as free solvent process allows the absence of squalene oxidation products and the presence of phenolic compounds in extract [23] . Usually, SCFE is proved under several pressure, temperature, flow, and time conditions; Yin et al. [24] used not only experimental conditions, but also mathematical simulation to predict the best extraction conditions.
Previous works have already performed SCFE from amaranth seeds previously ground to obtain amaranth oily fractions [22, 25, 26] . As mentioned above, the most common presentation to commercialize amaranth is a puffed seeds; milling seeds would limit its commercialization, increasing steps in extraction process and rising production cost; however, it is possible to obtain oily extracts from nonmilled raw seeds, although with relatively low yields [19, 22] .
The aim of this work was to obtain squalene by SCFE from whole puffed amaranth seeds and to compare the squalene content obtained by Soxhlet extraction, as well as determining the possible morphological and chemical modifications in the seeds.
Methodology

Materials and Supplier Information.
Carbon dioxide (CAS number 124-38-9) 99.995% pure was provided by Infra (Mexico). Squalene (CAS number 111-02-4) 99.0% pure was provided by SIGMA. Amaranth (Amaranthus hypochondriacus) raw and puffed seeds from the same batch were kindly donated by a manufacturer from Puebla, Mexico, harvested in November 2013. Puffing conditions were not provided by the supplier.
Chemical Proximal Characterization.
Main components (water, proteins, lipids, and ashes) of puffed seeds were determined by standard methods; water content m.b. (g/100 g) by method 925.09; proteins by the Kjeldahl method 920.87; lipid content (g/100 g) with Soxhlet 920.39; ashes by 942.05 [27] . Finally, nonnitrogenous matter was calculated by difference; the obtained results were reported as the average of three repetitions ± standard deviation.
Seed Morphology.
Amaranth, nonpuffed, and puffed seeds as well as seeds after extraction were observed under an optical microscope (Nikon Eclipse Ci) at 60x. Images for no less than 100 seeds were captured by a camera attached to the microscope tube with 1600 × 1200 pixels resolution and JPEG format. Images were processed using the ImageJ 1.50c software (Wayne Rasband, National Institutes of Health, USA) with automatic threshold and analyzed in binary format to determine size and shape parameters as follows: area: the total pixels of the projected area of each analyzed seed; perimeter: number of pixels constituting the contour of the projected area of the seed; circularity: defined as 4 multiplied by area and divided by perimeter squared; a perfect circle has circularity equal to 1; Feret's diameter: widest distance of two pixels at different object orientations; and aspect ratio: relation between maximum and minimum axes. The scale used was 0.5253 pixels/ m.
Expansion Ratio.
Expansion ratio is the quotient from dividing the apparent bulk volume of nonpuffed and puffed seeds. Bulk volume was measured with a graduated cylinder using the same mass of seeds (60 g) according to Murakami et al. [28] . Results were reported as averages of three repetitions and their respective standard deviation.
Amaranth Oily Extraction
2.5.1. SCFE. SCFE was carried out through dynamic method using the Thar Technologies (SFE-500 model) extraction plant (see Figure 1 ) located at ESIQIE-IPN in Mexico City, Mexico. This extraction plant is composed of a high pressurepump (BS) which supplies liquid CO 2 , two heat exchangers, a cooler (ICE) located behind the high pressure-pump, and a heater (ICC) located at the mixer's (MX) exit. The MX function is to introduce a cosolvent (SC) and mix it with CO 2 if necessary. Two valves (RAPI and RMPI) avoid pressure backward in tubes. Temperature and pressure conditions influence the amount of extracted oily matter; hence, studied conditions ranged by 313-333 K and 10-30 MPa, respectively. Carbon dioxide was used as solvent at constant flow (0.18 Kg CO 2 /h) for 8 h, and SC-CO 2 passed through the puffed seeds (60 g) in the extractor (E) vessel and separator vessel (S) at lower pressure, both with 500 mL capacity. Amaranth extracts were collected from the separator vessel, weighed, and analyzed.
Soxhlet Method.
Organic solvent extraction using a Soxhlet apparatus was performed with 60 g of puffed amaranth seeds and an excess of hexane that condensed and recirculated throughout the Soxhlet distillation path for 8 h at 68 ∘ C and atmospheric pressure. To compare the amount obtained by both extraction methods, all the extracts were stored at 277 K under a nitrogen atmosphere to minimize thermal and oxidative degradation. Effectiveness contact area was maximized by using milled seeds as described by Wejnerowska et al. [22] . Hexane is typically the solvent used for large scale extractions due to its relatively low cost and high extraction efficiency [29] . described by Schneider [30] , by means of high performance liquid chromatography (HPLC) at 208 nm, mobile phase composed of acetonitrile and acetone (60 : 40% volume). The HPLC apparatus has been described previously by RojasAvila et al. [31] . Soxhlet and SCFE extracts were analyzed quantitatively by gas chromatography coupled to mass spectrometry (GC-MS); GS-MS conditions are outlined below. Squalene was quantified with a corresponding eight-point standard curve, coefficient of determination ( 2 ) of 0.98.
Squalene Identification and
Fatty Acids Identification and Quantification.
The obtained extracts were analyzed according to Aquino-Bolaños et al. [32] in a gas chromatograph (GC) Agilent 7890A (Agilent Technologies, Palo Alto, CA, USA) coupled to mass spectrometry (MS) system Agilent 5975C, split ratio 2 : 1. Sample separation was achieved using a column HP-88 ((88% cyanopropyl) aryl-polysiloxane, 100 m × 0.25 mm ID 0.20 m, Agilent Technologies). Carrier gas used was helium at 6.6 mL/min flow. The temperature set in injector and transfer line was 250 ∘ C. Oven was heated through the following temperature rate: initial temperature was 50 ∘ C, increased by 2.5 ∘ C/min up to 85 ∘ C and then 10 ∘ C/min up to 170 ∘ C, hold for 20 min, and then increased by 10 ∘ C/min up to 250 ∘ C to allow fatty acid methyl esters separation (FAMEs) in a total run time of 87.5 min. Identification was conducted using the NIST 05 library. Fatty acids were quantified as relative area percent using squalene as internal standard.
Results and Discussion
Chemical Proximal Characterization.
In the present work, the main components of A. hypochondriacus seeds (raw, puffed, and puffed-SCFE) were determined. Soxhletextracted seeds were not considered for further determination due to the elevated content of hexane after extraction and its potential toxicity in foodstuff formulations. Table 1 shows moisture, ashes, protein, lipid, and nonnitrogenous matter content in seeds. Minimum changes in composition due to the SCFE process may indicate the possibility of exploiting amaranth puffed seeds in food products after this type of extraction. Seed moisture content decreased due to the puffing process (heat treatment), which produced water evaporation [33] . SCFE diminished humidity even more, probably because seeds were kept during 8 h under constant temperature and CO 2 flow. Lipid content in puffed seeds may decrease because of partial loss of the peripheral embryo where most of lipids are contained; the same effect has been observed in A. cruentus and A. caudatus [34] . In addition, ash content is mainly constrained to the seed coat [35] , and the coat may be lost during puffing, decreasing mineral content. It is important to point out that no protein and carbohydrates loss occurred due to SCFE. Under these conditions, seeds might be used for different foodstuff purposes after SCFE.
Morphology Changes.
Morphology characteristics of raw, puffed, and SCFE after puffing seeds are shown in Table 2 . Among the parameters evaluated, area of raw and puffed seeds presented an increment from 1.98 ± 0.7 to 5.92 ± 0.93 mm 2 due to structural changes which occurred in carbohydrates by puffing processes. Amaranthus cruentus raw seeds reported area of 3.26 to 3.60 mm 2 at 9.5% moisture content [36] . Perimeter seed also increased from 2.90 ± 0.07 to 4.72 ± 0.07 as a result of heat treatment. Feret's diameter increased from 0.99 ± 7.3 × 10 −3 to 1.67 ± 0.02 b mm; 1.35 mm and 0.80 to 1.00 mm diameter corresponds to raw Amaranthus cruentus and Amaranthus sp. seeds, respectively [36, 37] . In raw amaranth, seed dimensions are influenced by water content according to Abalone et al. [38] . Morphology differences are also due to amaranth species as described by others [1] . SCFE does not seem to affect morphology parameters (area, perimeter, and Feret's diameter) and shape descriptors (circularity and aspect ratio) due to supercritical carbon dioxide SC-CO 2 noninvasive and easily removing properties [37] ; thus, SCFE-puffed seeds could be used in food processing in the same way as nonextracted puffed seeds are used. The expansion ratio is related to seed size change and puffing efficiency; this parameter was 6.09±0.27, which refers to an increase in volume seed due to puffing. At similar water content and 225 ∘ C, expansion ratio was about 9.6 when a fluidized bed system was used for puffing. Traditional puffing process usually reports low efficiency and inhomogeneity [39] . The increase in contact surface influences extraction, as previously reported [40] [41] [42] .
Amaranth Oily Extract. A. hypochondriacus oily extracts
were obtained by SCFE and Soxhlet methods from puffed seeds. Soxhlet yield of total oily matter was 10.32% and 9.19% for raw and puffed seeds, respectively; the highest content of oily matter from amaranth by SCFE was attained at 333 K/30 MPa (1.79%) as shown in Figure 2 . Higher content of oily matter has been obtained under higher pressure and temperature conditions; this behavior is commonly reported as a result of temperature increase and competition factors related to solvent density and solute-vapor pressure [26, 43] . Although the oily mass extracted was determined, squalene content in extracts defined the best extraction conditions. Lower operation conditions (temperature and pressure) would be unstable to supercritical fluids and difficult to maintain by SCFE plant, whereas higher temperature conditions could compromise squalene stability as described by Psomiadou and Tsimidou [44] ; finally, higher pressure will not be achieved due to pressure-pump capabilities at the established flow. difference in squalene content in extracts obtained, although yield was higher at 313 K/20 MPa. Soxhlet extraction was applied to raw and puffed seeds and squalene content of extracts was determined by GC-MS, as shown in Figure 4 . Squalene content in Soxhlet oily extracts was 44.2 ± 2.27 and 31.3 ± 1.0 squalene g/kg of oily extract from whole raw and puffed seeds respectively, whereas SCFE extraction from whole puffed seeds yielded 460 ± 28.1 g/kg squalene in the oily extract. Krulj et al. [19] obtained an average oily extract yield of 58.4 g/kg and 3.5 g/kg of squalene by applying SCFE in milled raw seeds. Our results indicate that SCFE extracts had a higher squalene content than Soxhlet-extracts when puffed seeds are used, suggesting that puffing not only gives better physical, functional, and mechanical properties [36] but also makes more available oil and particularly squalene for extraction.
Squalene Identification and
Other authors have obtained the amaranth oily extract from seeds using A. cruentus [25] and obtained 148. Czaplicki et al. [18] attained 69.5 g/kg of squalene at 323 K/31 MPa/16 h. Wejnerowska et al. [22] obtained up to 600 g/kg of squalene at 403 K/20 MPa/30 min. Increasing temperature favored squalene purity and reduced yield simultaneously. He et al. [33] reached 153 g/kg of squalene at 323 K/20 MPa/2 h. Finally, Westerman et al. [26] using ground Amaranthus spp. seeds at 323 K/30 MPa/21 h extracted up to 65.7 g/kg squalene. The squalene content in the extract obtained in this work was 460 ± 28.1 g/kg as described above, at lower pressure and temperature compared to reference works using whole puffed seeds; this might represent an important advantage at industrial scale, avoiding the solvent removal stage and reducing costs since the whole seeds can be reused for further food purposes. Differences in squalene content in SCFE may be related to amaranth species used; longer extraction time could increase squalene extraction [22] .
Fatty Acids Identification and Quantification.
Amaranth seeds fatty acids composition was determined through GC-MS. The obtained results are shown in Table 3 . Some of the identified unsaturated fatty acids were oleic, linoleic, linolenic, and arachidonic, whereas saturated acids were myristic, palmitic, margaric, and stearic. Oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) acids are commonly present in some vegetal oils [45] and are known for their health benefits [46] ; they are also used as raw material for bioproducts elaboration [47] . Arachidonic acid (C20:4) functions as signaling molecule regulating inflammation and acting on homeostasis [48, 49] . Myristic (C14:0), palmitic (C16:0), margaric (17:0), and stearic (C18:0) acids are generally found in unprocessed fats [50] , easily to crystallize at room temperature [51] , and demanded by oleochemical industry [52] such as palm oil, due to their composition; therefore, an oily extract with similar composition may be demanded as well [53] . Fatty acids content in crude extract obtained from raw ground Amaranthus caudatus seeds by SCFE (313 K/20 MPa) contained palmitic acid 19.89%, stearic acid 2.55%, oleic acid 25.47%, and linoleic acid 25.47% [54] . The SCFE extract in the present work contains more palmitic (28.71 ± 0.35%), stearic (6.05±0.07%), and oleic acids (28.68±0.35%) and less linoleic acid (18.95 ± 0.23%); this could be obtained by differences in flow rate (0.12 Kg CO 2 /h) and extraction time (14 min) and Amaranth species used.
SCFE-amaranth extract contained more unsaturated than saturated fatty acids and lower concentrations of oleic and palmitic acids than olive and palm oils [55, 56] ; it also had higher content of linoleic, linolenic, and arachidonic acids than olive and palm oils [55, 56] . SCFE extract compared to palm oil had similar palmitic/oleic ratio; however, its content of unsaturated fatty acids may be advantageous and healthier. Distribution of saturated and unsaturated fatty acids (palmitic and oleic acid, 28.71% and 28.78%, resp.) agrees with the experimental localization of squalene in cell membrane as reported by Hauß et al. [57] who showed that squalene is immersed in the lipid bilayer, where a balance between saturated and unsaturated fatty acids exists.
Squalene content in olive oil was reported in the range of 110 to 839 mg/100 g [14] and 2-4 g/100 g (wt%) in palm fatty acid distillate [53, 58, 59] . Amaranth extract obtained in this work reached, then, an acceptable purity as described above. This work showed that SCFE extract from puffed amaranth seeds contains squalene accompanied by some unsaturated fatty acids. A. hypochondriacus puffed seeds after SCFE mostly preserved their nutritional components, such as proteins and carbohydrates, and presented a remnant lipid content, including some fatty acids important for human diet. Flour from defatted amaranth has been already used to supplement bread flour without modifications in bread quality by increasing protein and especially lysine content [60] . Further investigation should explore SCFE with mixtures with different cosolvents in order to increase yield, producing squalene extracts even more enriched from puffed amaranth seeds. Due to minimal changes in chemical composition and morphometric characteristics, it is reasonable to consider the further use of SCFE-extracted puffed amaranth seeds in food industry. Growing cosmetic and food industries surely will cause the squalene market to rise in the future which increases the marine life concerns, claiming new research on squalene extraction from vegetable sources [17] .
Conclusion
SCFE was satisfactorily applied to obtain a greater amount of oily extract rich in squalene from whole puffed amaranth seeds (460 ± 28.1 g/kg) than what is obtained through hexane extraction; furthermore, seeds main composition remains after SCFE. High squalene extract was achieved through SCFE with CO 2 at 313 K/20 MPa. The Soxhlet method might be inconvenient due to solvent removal final stage; in SCFE, such stage may be avoided. Puffing of amaranth seeds affects their nutritional content; however, the effect of SCFE on nutrient content and morphology of puffed seeds is negligible, so that SCFE-extracted puffed seeds can be reused as regular puffed seeds in food processing. SCFE oily extract contains fatty acids such as palmitic, oleic, and linoleic acids in convenient quantity for human consumption.
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